Transcription of a subset of human class II major histocompatibility complex genes is regulated by a nucleoprotein complex that contains c-fos or an antigenically related protein ( Contributed by Jack L. Strominger, December 20, 1990 ABSTRACT Transcriptional regulation of the human major histocompatibility complex class II genes requires at least two upstream elements, the X and Y boxes, located in the -50-to -150-base-pair region of all class II promoters. The DRA and DPB promoters contain phorbol ester-responsive elements overlapping the 3' side of their X boxes. Mutation of this sequence down-regulates the efficiency of the DRA promoter, suggesting that a positive regulator(s) binds to this site. In this report, anti-sense c-os RNA and an anti-c-fos antibody were used to show that the product of the protooncogene c-fos or an antigenically related protein is a component of a complex that binds to the X box and is required for maximal transcription from the DRA and DPB promoters. As c-fos (or its related proteins) cannot bind alone to DNA, these results suggest that it may dimerize with other members of the JUN/AP-I family, such as hXBP1, to participate in the activation of a subset of class II major histocompatibility complex genes.
The class II genes of the human major histocompatibility complex (MHC) are located in the 1-megabase HLA-D region on chromosome 6 (1-3). Although the genes exhibit tissuespecific and developmental regulation, this regulation is unusually elaborate in that a broad set of cells express the genes (macrophages, thymic epithelial and dendritic cells, B lymphocytes, and activated T cells) and a myriad of factors (y interferon, interleukin 4, tumor necrosis factor a, and phorbol esters) can induce their expression (4) . The elucidation of the regulatory machinery of these genes is important as heritable defects in MHC class II gene transactivator(s) result in the bare lymphocyte syndrome (a subset of severe combined immunodeficiency) and aberrant expression of class II molecules is thought to trigger or exacerbate autoimmune disease (5, 6) .
The consensus X box (CCTAGCAACAGATG) is critical for class II expression and is apparently recognized by multiple ubiquitous sequence-specific DNA-binding proteins. The complementary DNAs for three human DNAbinding proteins that recognize the X box have been cloned, and two of them (RF-X and hXBP-1) have been shown to be essential for constitutive and y interferon-induced class II expression (7, 44) . RF-X interacts with the 5' and central nucleotides of the X box (exhibiting different affinities for the various X boxes), while the "leucine zipper" protein hXBP-1 interacts with the 3' nucleotides ofthe X box and immediately adjacent nucleotides found in the interspace element (between the X and Y boxes) of the DRA and DPB genes (8) (9) (10) . Eight base pairs found in the hXBP-1 recognition element (the X2 box) show significant homology to the phorbol ester-responsive element recognized by the JUN/AP-1 family of proteins (TGAGTCAG) (11) . Data presented in this paper indicate that the product of the protooncogene c-fos or an antigenically related protein is a component of a complex that interacts with the 3' end of X boxes that contain phorbol ester response elements (DRA and DPB) and is important for their efficient transcription.
MATERIALS AND METHODS
Cell Lines and Antibodies. Raji cells were maintained in RPMI 1640 medium supplemented with 10o heat-inactivated fetal bovine serum, 20 mM Hepes, penicillin and streptomycin at 5 x 103 units per 100 ml, 2 mM glutamine, and 1 mM sodium pyruvate. HeLa cells were maintained in Dulbecco's modified Eagle's medium. Raji cells express all three class II isotypes, while HeLa cells do not express any class II antigen. The following monoclonal antibodies were used for flow cytometric analysis: LB3.1 (anti-DR), B7/21 (anti-DP), and Genox 3.53 (anti-DQ). The M peptide is a hydrophilic peptide that is conserved in both v-fos and mouse and human p55 c-fos (12) . The 27-amino acid peptide is predicted to lie on the surface of the c-fos protein and constitutes the DNA-binding domain ofthe molecule. The sequence of the M peptide was as follows: N-(Tyr)-Gly-Lys-Val-Glu-Gln-LeuSer-Pro-Glu-Glu-Glu-Glu-Lys-Arg-Ile-Arg-Arg-Glu-ArgAsn-Lys-Met-Ala-Ala-Ala-C. Chromatographically purified M peptide was water soluble. Purified M peptide was conjugated to carrier protein and several rabbits were injected with conjugated protein emulsified in complete Freund's adjuvant. The rabbits were given several booster injections and blood samples were drawn for ELISA to detect anti-M peptide antibodies. The antisera used in these experiments had high titers of anti-M peptide antibodies (1:1200). Anti-M peptide antibodies have been shown to recognize c-fos and three other antigenically related proteins of 46, 38, and 35 kDa (13).
Plasmids. DRACAT plasmids (14) , DQBCAT plasmids (15) , pAFOS-2 (16) , and pSmaIF (17) (Bethesda Research Laboratories) or 200 pug of DEAEdextran (Pharmacia). In the case of lipofectin, cells were incubated for 3 hr at 370C before addition of50 ml ofcomplete medium. For DEAE-dextran transfection, the cells were incubated for 1 hr at 370C before addition of medium. Forty-eight hours after transfection, the cells were washed with serum-free medium, pelleted, resuspended in 300 Al of 0.25 M Tris-HC1, and freeze-thawed three times. After centrifugation in a microcentrifuge to remove debris, 150 Al of the cell extract was incubated with 20 jul of 10 mM acetyl coenzyme A (Pharmacia) and 2 1.d of [14C]chloramphenicol (40 mCi/mmol; 0.1 mCi/ml; 1 Ci = 37 GBq; New England Nuclear) for 4 hr at 370C and assayed as described (18) .
Preparation of Nuclear Extracts, Gel Retardation, and in Vitro Transcription Analysis. Nuclear extracts were prepared (19) and used for gel retardation analysis (20) . For in vitro transcription analysis, 25 Al of nuclear extract was added to 1 pl of template DNA (Sma I F-cleaved pSmaIF fragment of the adenovirus major late promoter as a control and Dde I cleaved DRA300CAT or DQB160CAT plasmids) and incubated at room temperature for 30 min to allow preinitiation complex formation. Optimal inhibition of in vitro transcription by antibody was achieved by preincubating 1.5 ,ug of the antibody with the nuclear extract for 2 hr before addition of the DNA template. Ten microliters of 10x rNTP solution was added to preinitiation complexes: 6 mM ATP, CTP, and UTP; 2 ,ul of 250 ,uM [a-32PJGTP. Transcription buffer was then added to a final vol of 50 Al. Transcription was allowed to proceed for 2 hr at 30°C. Nucleic acids were purified by sequential phenol, phenol/chloroform, and chloroform/ isoamyl alcohol extractions and precipitated by addition of50 pl of 10.5 M ammonium acetate, pH 5.2/1% SDS/1 pug of tRNA/250 ,ul of ice-cold ethanol. After precipitation and washing with 70% (vol/vol) ethanol, the RNA was heated to 68°C for 5 min and loaded onto a 4% acrylamide gel containing 7 M urea. The gel was then fixed in 10%6 (vol/vol) acetic acid/10% (vol/vol) methanol, dried for 1 hr at 90°C, and autoradiographed.
Depletion of c-fos and Antigenically Related Proteins by Affinity Chromatography and Elution of Bound Material. Anti-M peptide rabbit immunoglobulin was purified by three sequential precipitations with ammonium sulfate (50%o saturation) from anti-M peptide rabbit polyclonal antiserum. Purified anti-M peptide rabbit immunoglobulin was bound to CNBr-activated Sepharose (5 mg/ml). c-fos and antigenically related proteins were depleted from Jijoye nuclear extract by passing 500 ,ul of Jijoye nuclear extract three times through a 30-pl column with immobilized rabbit anti-M peptide immunoglobulin. As a negative control, 500 ,p of Jijoye nuclear extract was passed in parallel through a 30-pl column with immobilized normal rabbit immunoglobulin (the column was prepared as described above for the immobilized anti-fos). After washing with in vitro transcription buffer, material bound to the specific column was eluted with either 0.1 M Gly-NaOH (pH 11.5) or 0.1 M Gly'HCl (pH 2.3). These eluates were then immediately neutralized with 0.1 M HCI and 0.1 M NaOH, respectively. All of these procedures were done at 4°C.
RESULTS
The nucleotide sequences of the various X2 boxes found in human class II promoters are presented in Fig. LA . Nucleotides that diverge from the AP-1 consensus sequence are boxed. Four nucleotides that are invariant in phorbol 12-myristate 13-acetate-inducible genes are indicated by brackets above the aligned sequences (32 (21) (22) (23) . The AP-1 consensus element appears above the X2 box sequences. Nucleotides that are invariant in phorbol 12-myristate 13 to determine whether the product of the protooncogene c-fos or a related antigen is a component of a complex that binds to X2 boxes containing phorbol ester response elements. The M peptide corresponds to the DNA-binding basic region of c-fos (33) . Two strategies involving antisera were used to investigate the presence of c-fos and antigenically related proteins in complexes that bind to the conserved X box and interspace element. Jijoye nuclear extract was preincubated with anti-M peptide antiserum or control normal rabbit serum before addition of a labeled DNA recognition sequence in gel-retardation assays as described (34) . Second, immunoaffinity chromatography was used to selectively deplete Jijoye nuclear extract of c-fos and related proteins prior to its use in gel-retardation assays. Material bound to the affinity columns was eluted under acidic or basic conditions and retained for further use.
Direct Addition of Anti-M Peptide Antiserum or Depletion of fos and Antigenically Related Proteins from Nuclear Extracts by Afflnity Chromatography Inhibits the Formation of Nucleoprotein Complexes with the DRAX and DPBX Oligonucleotides. Two complexes (B1 and B2) were formed with radiolabeled DRAX and DPBX double-stranded oligonucleotides and Jijoye nuclear extract in gel-retardation assays (Fig. 2) . In both cases, complex B1 formation was completely inhibited by direct addition of anti-M peptide antibody or by depletion of c-fos and antigenically related proteins by affinity chromatography. Complex B2 formation was decreased by these treatments. When material bound to the M peptide affinity column eluted under basic conditions was added to nuclear extract that had been depleted of c-fos and antigenically related proteins, formation of both complexes was restored. Addition of material eluted under acidic conditions did not restore complex formation. Two complexes (B1 and B2) were also formed with radiolabeled DPAX and DQBX added to the labeled oligonucleotides; -, untreated Jijoye nuclearextract was added; afos and P.I., Jijoye nuclear extract was preincubated with 0.5 ,ug of anti-M peptide antibody or normal rabbit immunoglobulin, respectively (P.I., preimmune); fos Col. and P.I. Col., 5 ,ug of nuclear extract that had passed through either the c-fos or P.I. immunoaffinity columns was used in the gel-retardation assay; +A.E. and +B.E., 2 j.l of material eluted from the anti-fos affinity column under acidic or basic conditions was added to the fos-depleted nuclear extract (8 Al) double-stranded oligonucleotides in gel-retardation assays (Fig. 2) . However, complex B1 or B2 formation was not affected in either case by direct addition of anti-M peptide antibody or by depletion offos and related proteins by affinity chromatography.
Transcriptional Inactivation of the DRA Promoter in Vitro by Anti-M Peptide Antibody. The anti-M peptide antiserum was also used to test the importance of fos and related proteins in class II MHC gene transcription in vitro with a Jijoye nuclear extract. A variation of the method of Kristie and Roizman (34) was used when directly adding the anti-M peptide antibody to the in vitro transcription reaction. Alternatively, nuclear extract that had passed through either the M peptide or control affinity columns was used directly in in vitro transcriptions. The adenovirus major later promoter was used as an internal control, and DRA300CAT or DQB160CAT plasmids were used as HLA class II templates for in vitro transcriptions (14, 15) . Preincubation of Jijoye nuclear extract with anti-M peptide antibody decreased the level of transcription from the DRA promoter in vitro (Fig.  3A) but did not affect transcription from the DQB promoter (Fig. 3B) . Similarly, Jijoye nuclear extract that had passed through the anti-M peptide affinity column supported a decreased level of transcription from the DRA promoter, while transcription from the DQB promoter was unaffected. Transcription from the adenovirus major late promoter was unaffected by either treatment. Material bound to anti-M peptide affinity columns was eluted by either basic or acidic conditions and was added to nuclear extract that had been depleted of c-fos and related proteins. Addition of material eluted under basic conditions was able to partially restore transcription from the DRA promoter in vitro (Fig. 3C) .
Transient Expression of Antisense c-fos RNA in Raji Cells Inhibits the Expression of Cell-Surface HLA-DR and -DP. A Rous sarcoma virus-derived mammalian expression vector (pAFOS-2; Fig. 4A ) that expresses high levels of antisense c-fos RNA (16) toid cell line Raji by using DEAE-dextran and chloroquine as facilitators (35, 36) . The levels of expression of the MHC molecules on the transfected cells were determined by flow cytometry (Fig. 4B) . After transient transfection of Raji cells with pAFOS-2 10-15% of the cells expressed decreased levels of HLA-DR and -DP antigen (corresponding to transfection efficiency). HLA-DQ and class I antigen expression were unaffected by transfection with pAFOS-2. Transfection with the control vector pRSV2.Z did not affect the expression of any of the MHC molecules.
Antisense c-fos RNA Inhibits Transient Expression of DRA-CAT Plasmids in Raji Cells and y Interferon-Treated HeLa Cells. Cotransfection of pAFOS-2 and reporter CAT constructs into Raji cells was also used to determine the role of c-fos in class II transcription in vivo. Fifteen micrograms of either pAFOS-2 or pRSV2.Z was cotransfected with 3 ,g of either DRA300CAT or DQB160CAT into Raji cells (the designated number of upstream nucleotides from the DRA and DQB genes is cloned in front of the CAT gene). Raji cells cotransfected with pAFOS-2 had a DRA300CAT activity reduced to 25% of that in cells cotransfected with pRSV2.Z; however, DQB160CAT activity was unaffected by pAFOS-2 (Fig. SA) . DRA300CAT activity in 'y interferon-induced HeLa cells was also decreased to 40%o of that obtained with the control plasmid (Fig. SB) . scription analysis) suggest that fos or fos-related proteins bind to the DRAX and DPBX recognition sequences and that at least one of these proteins is critical for the transcription of these class II MHC genes. These data also suggest that these proteins do not bind to the DQBX and DPAX recognition sequences and are not critical for the transcription of the DQB gene. The anti-M peptide antibody has been shown to interact with p55/c-fos, p39/c-jun, the fos-related component Fra-1, and two other molecules of46 and 35 kDa (13, 37) . Therefore, the in vitro data do not conclusively identify the exact member of the fos-related set of proteins that is critical for the transcription of these class II MHC genes. Transfection of the pAFOS vector does, however, down-regulate the expression of cell-surface HLA-DR and -DP on Raji cells (Fig. 4) and inhibits CAT activity in Raji or y interferontreated cells cotransfected with the DRA300CAT plasmid (Fig. 5) . These in vivo data provide evidence that c-fos itself is involved in the transcription of these class II MHC genes, but confirmatory data excluding the fos-related proteins would be desirable. Taken together, these data demonstrate that c-fos or antigenically related proteins are a component of a complex that interacts with the DRA and DPB X boxes and that this complex is critical for the transcription of the DRA and DPB genes.
As the fos-related set of proteins cannot bind alone to DNA (13), these results suggest that the fos-related component of the DRA and DPB transcription complexes must dimerize with other members of the JUN/AP-1 family and participate in the activation of a subset of class II MHC genes. There are two strong candidates for dimerization partners for the fosrelated protein in the specific case ofclass II MHC genes. The obvious possibility is the c-jun protein that has been shown to dimerize with c-fos and to bind to the phorbol ester response sequence with high affinity and to regulate the transcription of genes containing this element (38) (39) (40) (41) . However, the newly identified member of the leucine-zipper class of proteins (hXBP-1) that binds to the DRA and DPB X2 boxes but not other X2 boxes is a more attractive possibility.
Proc. Natl. Acad. Sci. USA 88 (1991) Indeed, transient expression of antisense hXBP-1 RNA also inhibits the transcription of the DRA and DPB genes and in vitro translated c-fos and hXBP-1 dimerize in vitro (44) . Should hXBP-1 associate with c-fos in vivo (as these data suggest), the heterodimeric complex would constitute a new transcriptional activator, which would further expand the combinatorial possibilities for gene regulation by the leucine zipper class of proteins. These data also complement the description of cell lines that express DR and DP but not DQ (42, 43) or DQ but not DP or DR (45) . These data emphasize the independent regulation of expression ofthe three isotypes of class II MHC antigens. The fos-related protein constitutes the second transcription factor (with hXBP-1) that is not shared by the other highly homologous and closely linked class II genes. The biological significance of this divergence in regulatory mechanisms is yet to be uncovered.
